We have previously generated human monoclonal anti-human immunodeficiency virus type 1 (anti-HIV-1) antibodies 2F5IgG and 2G12IgG with an exceptional cross-clade neutralizing potential. 2F5IgG and 2G12IgG passively administrated to macaques were able to confer complete protection from both intravenous and mucosal challenge with pathogenic HIV-simian immunodeficiency virus chimeric strains and have shown beneficial effects in a phase-1 clinical trial. We now class-switched 2F5 and 2G12 to the immunoglobulin M (IgM) or IgA isotype, to enforce features like avidity, complement activation, or the potential to neutralize mucosal transmission. For this purpose we expressed functional polymeric 2F5 and 2G12 antibodies in CHO cells and evaluated their anti-HIV-1 activity in vitro. The class switch had a strong impact on the protective potential of 2F5 and 2G12. 2G12IgM inhibited HIV-1 infection of peripheral blood mononuclear cell cultures up to 28-fold-more efficiently than the corresponding IgG and neutralized all of the primary isolates tested. The 2F5 and 2G12 antibodies of all isotypes were able to interact with active human serum to inhibit viral infection. Furthermore, we demonstrated that polymeric 2F5 and 2G12 antibodies but not the corresponding IgGs could interfere with HIV-1 entry across a mucosal epithelial layer in vitro. Although polymeric 2F5 antibodies had only limited potential in the standard neutralization assay, the results from the mucosal assay suggest that 2F5 and 2G12 antibodies may have a high potential to prevent natural HIV-1 transmission in vivo.
Various attempts have been made to identify antigenic sites on human immunodeficiency virus type 1 (HIV-1) that are able to elicit a neutralizing immune response. Neutralizing antibodies against HIV-1 recognize mostly epitopes on the envelope glycoproteins, which are responsible for virus attachment and entry into the target cells. Primary isolates, however, are hardly neutralized by antibodies, since the conserved regions (including the CD4-binding site) of the HIV-1 envelope glycoproteins (gp120 and gp41) are mostly masked by the variable loops, resulting in a high resistance to neutralization. Furthermore, heavy glycosylation is assumed to contribute to hiding functionally important, conserved regions from antibody binding. It has been suggested that antibodies that are capable of recognizing epitopes in the functional complex of gp120-gp41 on the viral surface can neutralize the virus (45) .
Human monoclonal anti-HIV-1 antibodies 2F5IgG and 2G12IgG directed against rare, nonimmunodominant epitopes with an exceptional protective potential against HIV-1 infection have been previously generated (9) . 2F5 and 2G12 neutralize a variety of T-cell-line-adapted (TCLA) strains (39) , primary isolates (including clades A, B, C, and E) (30, 38, 51, 53) , and HIV-simian immunodeficiency virus chimeric strains (SHIV) (28, 27) in vitro. In vivo, 2G12 and 2F5 alone or in combination with other monoclonal antibodies (b12 and F105) and HIV immunoglobulin (Ig) act highly synergistic and are able to confer protection against both an intravenous and a mucosal challenge with SHIV in macaques (2, 22, 32, 31) . Moreover, in the first clinical trial of passive immunization, 2F5IgG and 2G12IgG showed beneficial antiviral activity in humans chronically infected with HIV-1 (48) .
It has been postulated that a neutralizing antibody response at the initial stages of HIV-1 entry into the body might be a critical protective determinant (37) . Polymeric IgA is regarded as the major immunological barrier at mucosal sites and has been associated with the neutralization of virus entry and limitation of the local spread of viruses (34) . Additionally, evidence for the importance of 2F5-like antibodies in the mucosal defense against HIV-1 was presented by Bomsel et al. (7) , who demonstrated that polymeric antibodies against a sequence overlapping with the 2F5 epitope can block HIV-1 entry across a mucosal layer in vitro. We therefore assumed that polymeric 2F5 and 2G12 antibodies of an IgA or IgM isotype should provide a potent agent to inhibit the first steps of virus entry across a mucosal barrier.
Furthermore, polymeric antibodies are expected to be more effective due to higher avidity and/or steric hindrance (11, 43) . We have found before that 2G12IgG dimers neutralize more potently in vitro than the regular monomers (M. Purtscher, Eur. Conf. Exp. AIDS Res., poster no. 82-P2, 1998). This confirmed our assumption of a probable correlation between valence antiviral efficacy of the 2G12 antibody. A biological feature that has further been assigned to IgM is a strong complement-mediated cytolytic potential. Although the role of complement in HIV infection is quite controversial, it has been reported that HIV-specific monoclonal antibodies can mediate complement-dependent clearance of viral particles (47) .
In the present study, we switched the class of 2F5IgG to the IgM or IgA isotype and that of 2G12IgG to the IgM isotype to combine their high affinity to neutralizing epitopes with the functional properties of human polymeric antibodies. For that purpose, we produced functionally assembled polymeric 2F5 and 2G12 antibodies in CHO cells and assessed their activity in assays representing relevant steps of HIV infection in vivo. In addition to regular in vitro neutralization assays, we assessed transepithelial neutralization of HIV-1 across a cellular barrier of intestinal or cervical origin in vitro.
MATERIALS AND METHODS
Generation of antibody sequences. The generation of 2F5IgG and 2G12IgG have been described before (9) . The coding sequences for the 2F5 and 2G12 variable regions have been published (26) . The sequence for the human J-chain (33) and the murine dihydrofolate reductase (DHFR) (14) (National Center for Biotechnology Information [NCBI] accession no. NM010049) have also been published before. The human -chain constant region (secretory form) sequence was published in reference 19 (NCBI accession no. X67301 S50847), and the human ␣ 1 -chain sequence was published in reference 18 (NCBI accession no. J00220). RNA from a human hybridoma cell line was used as a source for the amplification of the IgM heavy-chain constant region and human J-chain, and a human Epstein-Barr virus-transformed cell line producing IgA was used to amplify the IgA 1 heavy-chain constant region. The heavy-chain isotype switch was performed by overlap extension PCR (23) .
Antibody expression vectors. For expression of the heavy chain, light chain, J-chain, and DHFR, two bicistronic vectors, pIRES/light-chain/J-chain and pIRES/heavy-chain/DHFR, were generated, each containing two of the coding sequences. The plasmid pIRES/neo (Clontech) has been modified by replacing the cytomegalovirus immediate-early enhancer/promoter with a simian virus 40 early enhancer/promoter from the Promega pSI vector cloned into the EcoRV cloning site. The J-chain or DHFR was next ligated into the SmaI/XbaI site and either light chains (2F5 or 2G12) or hybrid heavy chains (2F5-␣-chain, 2F5--chain, or 2G12--chain) were blunt-end inserted into the multiple cloning site.
Cell lines and transfection. One day before transfection, CHO DHFR cells (ATCC CRL-9096) were subcultured in 96-well tissue culture plates in culture medium (Dulbecco's modified Eagle's medium [DMEM] supplemented with 4 mM L-glutamine, 1ϫ HT [8 mM hypoxanthine, 0.8 mM thymidine], and 10% fetal calf serum [FCS] ). For the generation of polymeric-antibody-producing cell lines, the cells were cotransfected with the two expression vectors pIRES/lightchain/J-chain and pIRES/heavy-chain/DHFR at a 1:1 ratio with Lipofectin reagent (Invitrogen). Cells were kept for 2 weeks in DMEM plus 4 mM L-glutamine and 10% dialyzed FCS until nonproducers had disappeared and clonal growth was visible. Supernatants from the clone cultivations were screened for antibody productivity by enzyme-linked immunosorbent assay (ELISA), and expression was amplified by methotrexate pressure. 2F5IgA-, 2F5IgM-, and 2G12IgM-producing clones were expanded and subcloned.
ELISA. Clones were analyzed for the expression of complete molecules with a light-and heavy-chain ELISA. Immunosorbent plates (maxisorp 96-well; Nunc) were coated with goat anti-human IgA (␣-specific) (Sigma) or goat anti-human IgM (-specific) (Sigma) at a concentration of 2 g/ml in coating buffer (0.1 N NaHCO 3 buffer, pH 9.6 to 9.8). For quantitative ELISA, the samples were serially diluted in dilution buffer (phosphate-buffered saline [ Tween 20) and incubated with the sample dilutions. Plates were washed after 90 min, incubated with goat anti-human light chain conjugated with alkaline phosphatase (AP) (1:1,000) (Sigma) for 1 h, and detected by pNPP substrate in coating buffer (pH 9.7). Antibody productivity was calculated as micrograms of antibody per 106 cells per day.
To determine antibody specificity, plates were coated with HIV gp160 or HIV gp120 (used at concentrations of 5 ng/l), with the 2F5 epitope (ELDKWA as a fusion protein with glutathione S-transferase), or with M1G1, an anti-2G12 idiotype antibody (both generated in our own laboratory) in coating buffer. The supernatants were compared with 2F5IgG and 2G12IgG standards. The bound antibodies were detected by anti-human light chain conjugated with AP (1: 1,000) and developed with pNPP substrate. A 405/620 was measured with a plate reader.
Sodium dodecyl sulfate-PAGE and Western blots. The degree of polymerization of the recombinant antibodies was specified by polyacrylamide gel electrophoresis (PAGE) (NuPAGE Tris-7% acetate or Tris-3 to 8% acetate precast gels; Novex) by using denaturing nonreducing conditions according to the manufacturer's instructions. For detection, the gels were electroblotted to a polyvinylidene difluoride membrane (0.45 m pore size; Millipore) and incubated with goat anti-human light chain (f ϩ b) conjugated with AP (Sigma) (in PBS, 0.1% Tween, and 1% skim milk powder).
Antibody concentration. A lab-scale tangential flow filter system (Millipore XX42LS11 [115 V], XX42LSS12 [230 V], XX42LSS13 [kit 230 V]) was used for ultrafiltration and ultradiafiltration of the recombinant antibody supernatant. Antibodies were ultradiafiltrated against PBS with a cross-flow filter with a 300-kDa pore size for IgM and a 100-kDa pore size for IgA (cross-flow filter PLCMK 300 Pellicon XL or 100 Pellicon XL cartridge; Millipore). The filtration resulted in an antibody concentrate, with a reduced low-molecular-weight fraction.
Syncytium-inhibition assay (SIA) with and without complement. The inhibiting concentration of antibodies against TCLA strain infection of AA-2 cells in vitro has been described previously (39) . The AA-2 cells (human B lymphoblastoma expressing CD4) (AIDS Research and Reference Reagent Program, #135, 7/15/88) were maintained in RPMI 1640 supplemented with 4 mM L-glutamine and 10% FCS at a split ratio of 1:10 twice a week. To obtain normal human serum, whole human blood was coagulated at room temperature for 2 h and centrifuged and supernatants were stored at Ϫ80°C.
For the assay, anti-HIV antibodies were serially diluted in 4 parallels in 96-well culture plates in culture medium supplemented with 2 g of Polybrene/ml. Next 50 l of free virus stocks in medium at 10 2 to 10 3 50% tissue culture infective doses of MN (HIV HTLV-III MN ) and RF (HIV HTLV-III RF ) (AIDS Research and Reference Reagent Program) or NL4-3 (provided by H. Stoiber, Institute of Hygiene, Innsbruck, Austria)/ml was added. Next, 50 l of either normal human serum (resulting in a final dilution of 1:8 to 1:16), heat-inactivated human plasma (56°C for 20 min), or regular assay medium was added per well. After 1 h at 37°C, 4 ϫ 10 5 AA-2 cells were added per well. For each medium composition, we confirmed the virus titer by back titration. After 5 days, syncytium-negative wells were counted and the IC 50 (the antibody concentration resulting in a 100% inhibition in 50% of the wells) was determined according to the method described in reference 41. Neutralization assay. The in vitro neutralizing activity of antibodies against HIV infection of phytohemagglutinin-stimulated human peripheral blood mononuclear cells (PBMCs) with primary strains was determined by measuring the levels of HIV-1 p24 as published before (39) . The virus isolates S2/04, P2/71, P3/366, BR92/30, and UG92/37 were M-tropic, P7/366 was dualtropic, and UG92/29 was T-tropic. UG92/29, UG92/37, and BR92/30 were received from AIDS Research and Reference Reagent Program no. 1650, 1743, and 1774, respectively. The others were isolated from patients of the Social Medicine Centre, Baumgartner Höhe, Vienna, Austria.
Transwell cultures. The transcytosis assay was adapted for our purposes from reference 5. The Me180 (epidermoid cervix carcinoma [ATCC 33-HTB]) or HT-29 (colorectal adenocarcinoma [ATCC 38-HTB]) cell line was used to generate polarized monolayers. Me-180 cells were maintained in RPMI 1640 supplemented with 4 mM L-glutamine and 10% FCS and split with a ratio of 1:4 twice a week. HT-29 cells were cultured in DMEM-Ham's F-12 1:1 supplemented with 4 mM L-glutamine and 10% FCS and split at a ratio of 1:3 twice a week. For transwell assays, permeable supports (polycarbonate membrane or polyester membrane, 6.5-mm diameter, 0.4-m pore size; Corning Scientific Products) were inoculated with 2 ϫ 10 5 cells/well. Starting at day 3, culture medium was replaced daily. After every manipulation, the integrity of the monolayers was checked with a light microscope. Wells with damaged cell layers were discarded. Transwells were used at days 8 to 11. Before starting a transwell assay, the tightness of the cell layer was confirmed in at least two wells as published before (20) .
Antibody transcytosis. The transcytosis of the recombinant polymeric antibodies through the epithelial cells was visualized by scanning the cell layer for antibodies after loading the cells with 3 to 30 g of antibody for 2 h from the basal side. Paraformaldehyde fixation was performed in two steps according to the method described in reference 6. Internalized antibody was detected by mouse anti-human light chain conjugated with fluorescein isothiocyanate (Sigma). The membranes were carefully excised, mounted onto a slide, and covered with 50% glycerin in PBS. The layer was scanned vertically by confocal microscopy for the fluorescein isothiocyanate fluorescence.
Transwell assay. The inserts were moved to a new plate containing 3 to 30 g of the anti-HIV antibodies in the basal chamber. Every antibody was tested at least in duplicate wells. Maximal virus transport was determined from duplicate wells incubated with an unspecific isotype control (polyclonal human IgM or human sIgA).
The plates were incubated for 20 min to allow antibody transcytosis. Then 10 5 to 10 6 HIV-1-infected PBMCs were applied to the apical chamber and incubated for 180 min before the contents of both sides of the insert were inactivated in 2% NP-40 for 1 h at 37°C. The levels of HIV-1 p24 antigen in the basal (and apical) supernatants were measured by ELISA (39) to determine the amount of transcellular virus penetration.
RESULTS

Recombinant polymeric antibodies.
We have generated human polymeric class-switched 2F5 and 2G12 anti-HIV-1 antibodies with the mammalian CHO DHFR system. We confirmed the presence of complete, covalently linked, polymeric antibodies in the supernatants and the ultradiafiltrated concentrates by using denaturing, nonreducing sodium dodecyl sulfate-PAGE and Western blots. The immunoblots revealed a mainly pentameric and monomeric form for the IgM isotype at an estimated ratio of at least 1:2 for 2F5IgM and 3:1 for 2G12IgM (Fig. 1) . The data presented herein were generated with ultradiafiltrated supernatants by using 100-and 300-kDa membranes. In previous experiments with our recombinant IgG1 versions of 2F5 and 2G12, we found that despite having the same Fc domain, the proteins behave differently concerning the formation of dimers. 2F5 always tends to disaggregate (Fig. 1) . The J-chain has been suggested to be crucial for pentamer formation of IgM (16) and dimer formation of IgA (4, 10) . Since a suitable antibody to detect incorporated human J-chain was not available, we did not determine J-chain in the immunoblots. At the mRNA level, J-chain and light-chain amounts were equal (data not shown). Specificity of the polymeric antibodies. We assessed the reactivity of the anti-HIV antibodies with the 2F5 epitope (ELDKWA), an anti-2G12 idiotype antibody, and the HIV-1 envelope antigens gp120 and gp160, which is the uncleaved precursor of the HIV-1 envelope containing gp120 and gp41.
The antibodies were found to be of the desired specificity, and no cross-reactivity was observed. However, binding properties varied between the isotypes of a given idiotype (Fig. 2) . 2F5IgM appeared to bind with a lower affinity than 2F5IgG in an ELDKWA ELISA, whereas the binding curves of 2F5IgA and 2F5IgG were almost identical ( Fig. 2A) . With gp160, 2F5IgM showed clearly enhanced binding compared to the other isotypes, which was probably due to higher avidity (Fig.  2B ). In the soluble gp160 monomer, the 2F5 epitope is probably presented differently than in the ELDKWA ELISA. This may be the reason for the discrepancy between the two results.
2G12IgG and 2G12IgM were equally recognized by the anti-2G12 anti-idiotype (M1G1) (Fig. 2D) , indicating identical antigen binding sites. Both 2G12 antibodies bound the HIV gp160 and gp120 specifically; however, the saturation characteristics in the gp120 ELISA were diverse (Fig. 2C) . The variations in binding properties probably depend on the higher avidity of IgM compared to that of the IgG monomer.
SIA. TCLA HIV strains induce the formation of syncytia in a CD4
ϩ cell line, which correlates with the degree of viral infection. Table 1 summarizes the effective inhibitory concentrations against syncytium formation for 2F5IgA/IgM and 2G12IgM compared to those of 2F5IgG and 2G12IgG. The 2G12IgM isotype clearly surpassed the corresponding IgG (by factors of 3.7 and 8) in effectiveness against the tested laboratory strains, whereas 2F5IgG was the most-potent isotype compared to IgM and IgA counterparts. Nevertheless, 2F5IgM did neutralize the tested viral strains (2.5 to 6 times less efficiently than IgG), whereas IgA just inhibited the MN isolate.
SIA plus active human complement. We further evaluated the contribution of human complement to the inhibitory potency of our antibodies. Active human serum-presumably the complement system-strongly enhanced the antiviral effectiveness of all 2F5 and 2G12 antibodies ( Table 1 ). The 50% effective concentrations (EC 50 ) of 2G12IgM, 2G12IgG, and 50 s, representing the concentrations of antibody (micrograms per milliliter) causing 100% syncytium inhibition in 50% of the replicate wells. The assay was performed with the laboratory strains MN, RF, and NL4-3 (10 2 to 10 3 50% tissue culture infective doses/ml) and AA-2 cells. Normal human serum (diluted 1:8 to 1:16) was added as a source of active human complement in some experiments. Heat-inactivated human plasma was added as a negative control for complement activation in some experiments. The table summarizes the data of two independent assays. Lack of neutralization is indicated by an EC 50 of Ͼ50 g/ml. NT, not tested. a The inhibition of virus production was assessed by measuring p24 concentrations in HIV-infected PBMC cultures. The neutralization titers of the antibodies were calculated. The EC 50 s, EC 90 s, and EC 99 s represent the concentrations of antibody (micrograms/milliliter) causing a 50, 90, and 99% reduction of HIV-infected PBMC. No neutralization is indicated by an EC of Ͼ50, Ͼ40, or Ͼ25 g/ml, each representing the maximal antibody concentration used in the assay. NT, not tested. 2F5IgG were decreased to 200 ng/ml and lower; 2F5IgM inhibited NL4-3 at 10.5 g/ml. The EC 50 of 2F5IgA was threefold reduced but was still higher than 50 g/ml. Even inactivated human plasma, which was used as a negative control for the active complement, appeared to have an impact on syncytium inhibition and partly enhanced antibody activity (Table  1) .
In vitro neutralization of primary isolates. We determined the in vitro efficacy of the anti-HIV antibodies against infection of human PBMCs with a panel of primary isolates. HIV-1 strain P7/366 or P3/366 was chosen for relative insensitivity to 2F5IgG or 2G12IgG neutralization. The results are represented as effective antibody concentrations, resulting in a 50, 90, and 99% reduction of virus in the PBMC culture (Table 2) .
In our experiments, 2G12 was clearly more potent as the IgM isotype than as the IgG isotype. 2G12IgM was able to neutralize every virus that we tested and achieved a 50% inhibition of isolates P7/366 and S2/04, a 90% reduction of isolates UG92/37, UG92/29, and P3/366, and even a 99% reduction of isolates BR92/30 and P2/71. 2G12IgM attained neutralization at an EC 90 between 1.5 and 20 g/ml, which correlates to concentrations achievable in vivo for monoclonal antibodies. The correlation between neutralization and antibody concentration is illustrated in Fig. 3 . The graphs suggest that 2G12IgM, which was not used at concentrations higher than 25 g/ml, may achieve at higher concentrations a 2 log reduction of virus for isolate P3/366 (Fig. 3C) .
The 2F5IgG isotype was the most potent of the 2F5 isotypes (Table 2) , although the viral strains P7/366, P3/366, and P2/71 were more sensitive to 2F5IgM and were neutralized at an EC 50 of 0.1 to 3.2 g/ml. The efficiency of 2F5IgG has strongly been associated with the expression of the ELDKWA epitope on gp41 (15, 38) . Nevertheless, there were significant variations in the activity of 2F5 antibodies against different HIV-1 isolates, but no explicit correlation between the isolate sensitivity to 2F5IgG and to the polymeric 2F5 antibodies could be found.
Transwell assay. We used a transwell assay to assess the ability of 2F5 and 2G12 antibodies to inhibit HIV-1 infection at mucosal sites. A tight polarized epithelial layer was grown on permeable supports, generating an apical and a basal compartment. Infectious virus was applied from the apical side by using HIV-plus-PBMC cultures while antibody was applied from the basal side.
The specific role of polymeric antibodies in virus neutralization at mucosal surfaces has been reported to correlate with the ability to be actively secreted across the epithelial layer via the polymeric immunoglobulin receptor (25, 42) . Therefore, we first confirmed the transcellular transport of 2F5IgA and IgM antibodies, but not human polyclonal sIgA, along the basal-to-apical axis of the epithelial monolayer (Fig. 4) . This finding suggested mucosal functionality of 2F5IgA, 2F5IgM, and 2G12IgM, a feature that has been reported to be associated with the integration of J-chain into the polymeric antibodies (8) . The IgG antibodies were also found to bind and cross the epithelial layer (Fig. 4M) . The mechanism of IgG transport probably depends on receptors other than the polymeric immunoglobulin receptor, like the FcRn receptor, which has been reported to be expressed on human epithelial cells (24) . Transepithelial neutralization. We analyzed the ability of 2F5 and 2G12 antibodies to neutralize viral transepithelial penetration of HIV-1 in vitro. The inhibitory activity of the antibodies is presented as the percent reduction of transcytosed virus in Fig. 5 . All polymeric anti-HIV antibodies proved to inhibit the viral transcytosis of all primary HIV isolates while neither 2F5IgG nor 2G12IgG was able to interfere with HIV entry. 2F5IgA and 2G12IgM exhibited the highest potency, and the degree of transepithelial neutralization ranged between 24 and 76%. Our results from the transwell assay did not appear to correlate with the results from the standard neutralization assay (Table 2) . Additionally, we observed in some cases low levels of inhibition and enhancement for antibodies of all isotypes, which may be caused by variations in protein content, antibody concentration and composition, cellular growth, amount of PBMCs, or their state of infection between singular assays. Although the duplicate wells showed only little variability, we assumed that any observed effect lower than Ϯ20% may be a result of these variations. The presence of antibodies may of course also result in enhanced transport of HIV via Fc receptors.
DISCUSSION
We have switched the classes of human monoclonal anti-HIV-1 antibodies 2F5 and 2G12 as IgM and IgA, respectively, to introduce new biological properties, such as avidity, mucosal activity, or complement activation. The polymeric isotypes display different binding characteristics than the monomers, and they probably bind with high avidity, provided that the epitope is present at a high density and is well exposed. 2F5IgG and 2G12IgG are highly potent neutralizing antibodies against TCLA strain and primary HIV-1 isolates. The isotype switch from IgG to IgA or IgM had a clear impact on the ability to interact with viral infection (Tables 1 and 2) . For 2G12 antibodies, we found a direct correlation between valence and its antiviral potency. The 2G12IgM was the only antibody able to neutralize every primary HIV-1 isolate tested. It mostly provided protection at lower effective concentrations (up to 28-fold) than 2G12IgG and achieved up to 99% reduction of HIV-1 primary strain infection. 2G12IgG is directed against a conserved discontinuous motif located around the base of the V3 and V4 loops on the outer domain of gp120. The epitope recognition is dependent on mannose elements from a number of N-linked glycan chains (44, 46) . 2G12IgG has been proposed to sterically impair the interaction between the oligomeric envelope complex and the coreceptor after CD4 binding (52) , due to the proximity of its epitope to the receptor binding site (44) . The large and bulky pentamer of 2G12IgM is likely to inhibit viral attachment even more effectively, which may explain the high level of protection at low concentrations that we found in our experiments.
In contrast to 2G12, the class switch did not clearly improve the neutralizing activity of 2F5. Neutralization by 2F5IgG is probably dependent on the presence of a linear amino acid sequence ELDKWA (amino acids 662 to 667) at the C-terminal gp41 ectodomain (36, 35, 38) . 2F5IgG is assumed to neutralize virus during the fusion process, possibly at the transition from the prehairpin intermediate to the trimeric hairpin structure. In the functional HIV-1 trimer of gp120/gp41, the accessibility of the peptide for a dimeric or pentameric 2F5 antibody is questionable, which may be a physical restriction to its neutralization potency. Additionally the impact of both antibody flexibility (13) and antibody valency (12) on viral neutralization of different isolates has been described. This may also have an impact on 2F5 neutralization, since its epitope may not be well exposed, unlike the 2G12 epitope.
Direct lysis of HIV by the complement system in the presence of specific antibodies has been described as an efficient mechanism of neutralization (47) . In our experiments, 2F5IgG, 2G12IgG, and 2G12IgM together with active human serum inhibited HIV-1 at concentrations as low as 200 ng/ml (Table  1) . It was demonstrated before that 2G12IgG-dependent activation of complement leads to enhanced neutralization of HIV-1 particles in vitro (51) and vigorous complement activation in patients (48) . Human serum conditions may facilitate virus neutralization by 2G12-like antibodies. Complement proteins like complement factor H (CFH) have been found to be protective for HIV, preventing its effective destruction (29) . It has been shown that one CFH binding site overlaps with the 2F5 epitope ELDKWA on gp41 (49) . In this context, 2F5IgG binding to ELDKWA could abolish the protective effect of CFH, resulting in efficient viral lysis (50) . Surprisingly the contribution of active human complement to neutralization was relatively stronger for 2F5IgG than for the polymeric isotypes (Table 1) . On the other hand, 2F5IgG isotype proved to recognize its epitope more effectively than 2F5IgM, which may of course give 2F5IgG a greater ability to displace CFH from the common binding site.
HIV is commonly transmitted through mucosal surfaces as a result of either sexual contact or oral exposure, for example, during breastfeeding. It has been demonstrated before that HIV-1-specific mucosal IgA (and IgM) can interfere with viral infection at mucosal sites (3, 7, 21, 42) . Our results demonstrate that 2F5IgA, 2F5IgM, and 2G12IgM, but not 2F5IgG or 2G12IgG, were able to neutralize transepithelial HIV-1 entry in vitro, blocking transmission involving cell-to-cell spread of HIV-1 across an epithelial layer (Fig. 5) . Remarkably, 2F5IgA, which displayed only poor activity in the standard neutralization assay, blocked up to 76% of viral transport in the mucosal assay. Similar results have been found by Bomsel et al. (7) . In their experiments, polyclonal anti-envelope dimeric IgA neutralized up to 60%, and an IgM reactive with a peptide overlapping with the 2F5 epitope neutralized up to 80% of viral transcytosis, and 2F5IgG did not interfere with HIV-1 entry.
Systemic administration of 2F5IgG and 2G12IgG was able to confer protection against oral SHIV challenge in neonatal macaques (22) . Since saliva samples of these infants did not contain neutralizing antibodies, IgG-dependent protection was considered to occur in the subepithelial compartment after the virus crossed the mucosal barrier. We now observed transepithelial protection by polymeric 2F5IgA/M and 2G12IgM but not the IgGs in the transwell assay. This suggests a crossepithelial neutralization mechanism for polymeric 2F5 and 2G12 antibodies distinct from the antiviral activity of IgG observed in the macaque model. The inhibition possibly includes intracellular neutralization and/or excretory IgA neutralization, features that are attributed to polymeric mucosal antibodies (34) . The higher mucosal efficacy of polymeric antibodies may also be explained by increased steric inhibition of attachment to the epithelium. While this may be true for the 2G12IgM, it is unlikely to apply to 2F5IgA or 2F5IgM, since the standard neutralization assays did not show enhanced efficacy of polymeric 2F5 antibodies compared to the monomeric IgG. The sites in HIV-1 envelope that are critical for cellassociated viral attachment to epithelial cells differ from the sites involved in CD4 ϩ cell infection and probably include the ELDKWA motif on gp41 (1). 2F5 and its epitope ELDKWA may hence play a specific role in the neutralizing response to HIV-1 entry at mucosal surfaces.
We conclude that 2F5-and 2G12-like antibodies of all isotypes are highly promising agents against relevant steps of natural HIV-1 transmission. This supports the assumption that mucosal neutralizing antibodies are critical for both passive or active vaccine designs. 
